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ABSTRACT
The elastic moduli and acoustic loss behaviour of Ti-6Al-4V (wt.%) in
the temperature range 5–298 K have been studied using Resonant
Ultrasound Spectroscopy. A peak in the acoustic dissipation was
observed at 160 K within the frequency range 250–1000 kHz. Analysis
of the data acquired in this study, coupled with complementary data
from the literature, showed that this was consistent with a Snoek-
like relaxation process with an associated activation energy of 23 ± 3
kJmol−1.However, the losspeakwasbroader thanwouldbeexpected
for a Snoek-like relaxation, and the underlying process was shown to
have a spread of relaxation times. It is suggested that this eﬀect arises
as a result of variations in the strain experienced by the β phase due to
diﬀerent local microstructural constraint by the bounding secondary
α phase.
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1. Introduction
Ti-6Al-4V (wt%) (Ti-6-4) is the most widely used titanium alloy, ﬁnding extensive appli-
cations in the aerospace industry. The microstructure is dominated by the hcp α phase,
accompanied by a smaller volume fraction of the bcc β phase. As with other titanium
alloys, aluminium preferentially partitions to the α phase, whilst vanadium stabilises
the β phase. In addition, low concentrations of interstitial elements are also present,
which can inﬂuence the phase equilibria and properties of the alloy [1]. Among such
interstitials, oxygen is known to be a potent α phase stabiliser and provides signiﬁcant
strengthening [2]. In contrast, hydrogen is a β stabilising element and generally has a
detrimental eﬀect on the mechanical properties. Concentrations of∼130 wppm hydrogen
have been reported to result in large reductions (∼50%) in fracture toughness [3], whilst
the propensity to suﬀer sustained load cracking and the associated crack growth rates also
increase with elevated hydrogen contents [4]. Low levels of hydrogen in titanium alloys
have also been implicated in poor cold dwell fatigue resistance [5,6]. The role of hydrogen
in stress corrosion cracking is also highly signiﬁcant, as local corrosion-induced hydrogen
enrichment and migration to areas of high tensile stress facilitates crack extension [7].
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2 S. L. DRIVER ET AL.
To avoid such issues, signiﬁcant eﬀorts are made to keep hydrogen levels low during
manufacture, including the preferential use of electric rather than gas heat treatment
furnaces, and the utilisation of hot vacuum degas operations. Whilst such methods allow
hydrogen levels to be controlled and reduced, hydrogen uptake in service cannot always
be avoided. Therefore, understanding the relative solubility and mobility of hydrogen in
dual-phase titanium alloys is of considerable importance for industrial applications.
An early study characterising the internal friction of Ti-6-4 over a wide range of
temperatures reported an acoustic loss peak at cryogenic temperatures [8]. However, the
origin of this peak was not conclusively established. In later studies, it was shown that the
height of the peak was aﬀected by both hydrogen concentration and the dislocation density
of the material, with the former dominating [9,10]. It was suggested that the acoustic loss
resulted from the stress-inducedmovement of hydrogen interstitials in theβ phase, known
as the Snoek relaxation [9–11]. This conclusionwas further supported by the disappearance
of the acoustic loss peak when Ti–6–4 was tested after quenching from the β phase ﬁeld,
such that the microstructure was entirely α′ martensite, with no retained β [9].
However, detailed analysis of the shape of this acoustic loss peak has shown that it is too
broad to be described by a single relaxation process [8]. To date, no conclusive evidence
has been reported that can satisfactorily explain this observation, indicating that further
studies are required to understand themobility and stress-inducedmovement of hydrogen
in titanium alloys. Therefore, to gain further insight into the governing processes, resonant
ultrasound spectroscopy (RUS) has been used to study the acoustic loss peak associated
with hydrogen movement in Ti-6-4 over a range of frequencies in the kHz to MHz range
and at temperatures between 5 and 298K.
2. Experimental details
2.1. Sample
Ti-6-4 plate, which had been cross rolled in the (α + β) phase ﬁeld followed by annealing
at 700 ◦C for 2 h, was supplied by Rolls-Royce plc. The nominal composition of this
material was 6.5 Al, 4.0 V, 0.18 Fe wt.%. The concentration of interstitial species in the
material was measured by TIMET UK. A rectangular parallelepiped with dimensions of
3.03 × 4.03 × 5.02mm3 and a mass of 0.267 g (giving a calculated density of 4.36 g/cm3)
was machined by Brite Precision Ltd. The faces were polished to remove the surface layer
aﬀected by machining.
2.2. Resonant ultrasound spectroscopy
The principles and protocols of RUS have been outlined by Migliori & Sarrao [12] and
the reader is referred to the work of McKnight et al. [13] for a detailed description of the
particular RUS instrument used in the present study.
RUS measurements were performed in a helium ﬂow cryostat with the sample held
directly between the driving and receiving piezoelectric transducers. Room temperature
spectrawere acquired ﬁrst, in the frequency range 100–1000 kHz,with 50 000 data points in
each spectrum. Data obtained below room temperature were collected during isothermal
holds between 100 and 1200 kHz, with 130 000 data points in each spectrum. On cooling,
RUS spectra were acquired at 5K intervals between 295 and 200K; 10K intervals between
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PHILOSOPHICAL MAGAZINE 3
200 and 190K; 30K intervals between 190 and 10K; and 5K intervals between 10 and 5K.
On heating, RUS spectra were acquired at 5K intervals between 5 and 295K. A period of 20
minutes was allowed for thermal equilibration at each temperature prior to data collection.
The RUS spectra were analysed using the software package Wavemetrics IGOR PRO.
Each resonance peak was ﬁtted with an asymmetric Lorentzian function to accurately
determine the peak frequency, f, and the full width at half of the maximum height, f. In
RUS, f 2 scales with the elastic constants of thematerial, with themain contribution coming
from the shear modulus in the case of a polycrystalline sample. In order to determine
average bulk and shear moduli, the frequencies of up to 58 resonance peaks were obtained
from each spectrum. For each resonance, the inversemechanical quality factor,Q−1, which
may be taken as Q−1 = f / f, provided a measure of the acoustic dissipation.
2.3. Elastic constant calculation
The rectangular parallelepiped resonance (RPR) codewas used to convert the experimental
resonant frequencies into elastic moduli. This code is available online [14], and explained
in more detail elsewhere [15]. It operates by estimating the elastic constants for the sample
and using these to calculate the expected resonant frequencies, which are then compared
to those obtained through experiment. The elastic constant estimates are then modiﬁed
iteratively until the calculated and experimental frequencies match.
For the measurements made at room temperature, 58 resonant frequencies were in-
cluded in the code, whilst 30 to 41 resonant frequencies were used for the low-temperature
data, depending upon the quality of the data acquired at each temperature. The ‘goodness-
of-ﬁt’ between the observed and calculated resonances was reported as an RMS error,
giving a measure of the reliability of the result.
Hill averages of the Young’s and shear moduli for the sample were calculated from the
ﬁtted orthotropic elastic constants using the ElAM program [17].
2.4. Microstructural characterisation
A sample of Ti-6-4 was sectioned and mounted in conductive bakelite before being
ground and polished using a protocol terminating in a 0.25µm colloidal silica suspension.
Backscattered electron imaging of the microstructure was performed using an FEI Nova
NanoSEM 450 operating at 15 kV and a working distance of 5mm.
3. Results
3.1. Material condition
The concentrations of interstitial species determined by LECO analysis were 0.007 wt.%
C, 1973 ppm O, 46 ppm N, 23.68 ppm H. These were all within the industry standard
speciﬁcation for AMS 4911.
Backscattered electron micrographs of the as-received material at varying magniﬁca-
tions are shown in Figure 1. At the lowest magniﬁcation, Figure 1(a), the microstructure
can be seen to consist of globular primary α phase, ∼10–40µm in diameter, interspersed
with transformed β regions containing high aspect ratio α plates, separated by layers of
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4 S. L. DRIVER ET AL.
Figure 1. Backscattered electron images of the microstructure of the as-received material.
retained β . At higher magniﬁcation, Figure 1(b), it can be seen that individual regions
of transformed β had diﬀerent conﬁgurations of α variants, some being dominated by a
single variant (colony-like) whilst others showed a number of variants, exhibiting a more
basket-weave-like structure. Closer inspection of a region of transformed β , Figure 1(c),
showed that there was signiﬁcant variation in the thickness of the retainedβ layers between
the α plates. For example, in the central colony the α laths were interspersed by very ﬁne
retained β layers, ∼300 nm wide, whilst in the surrounding basket-weave regions, the
retained β was almost an order of magnitude thicker.
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PHILOSOPHICAL MAGAZINE 5
Table 1. Elastic tensor components at room temperature determined assuming different elastic tensor
symmetries.
Elastic stiffness / GPa
c11 c22 c33 c23 c13 c12 c44 c55 c66 RMS error
isotropic 154 – – 62 – – 46 – – 1.1%
axisymmetric 168 – 173 77 – 83 46 – 43 0.32%
orthotropic 172 171 175 81 79 87 46 47 42 0.19%
Table 2. Room temperature elastic moduli of Ti-6-4 from RUS experiments, alongside values published
in the literature.
Source K / GPa E / GPa G / GPa
RUS study 113 119 45
Ref. [19] 105 111 42.0
Ref. [20] 75 – 135 106 – 113.5 40 – 45
Ref. [21] 113 110
Ref. [22] 107 – 121 42.1
Ref. [23] 103
Ref. [24] 108 – 117
Ref. [25] 113
Ref. [26] 118
Ref. [27] 110 – 114
Ref. [28] 116
Ref. [29] 108
Ref. [30] 115
Ref. [31] 117
Ref. [32] 102
Ref. [33] 122
3.2. Room temperature elastic properties
Table 1 shows the components of the full elastic tensor obtained at room temperature.
The material studied had been cross-rolled. As a consequence, a signiﬁcant rolling texture
would be expected [16], leading to elastic anisotropy with the transverse and longitudinal
directions having similar elastic constants. Therefore, themacroscopic elastic tensor should
either possess an axisymmetric or orthotropic average symmetry.
The room temperature resonant frequencies were initially ﬁtted using isotropic elastic
symmetry, with two independent constants, and gave a high RMS error of 1.1%. Fitting
the room temperature resonant frequencies assuming an axisymmetric elastic symmetry,
with ﬁve independent elastic constants, gave an RMS error of 0.32%. In comparison,
an RMS error of less than 0.2% was obtained assuming orthotropic sample symmetry,
with 9 independent elastic constants. Therefore, all subsequent analyses were performed
assuming orthotropic symmetry.
Hill averages of the bulk modulus, K , Young’s modulus, E, and shear modulus, G,
were obtained from the orthotropic elastic constants using the ElAM code, Table 2. This
approach, rather than direct ﬁtting of the RUS data assuming isotropic symmetry, was
adopted as the values obtained were in better agreement with previously published values
(see Table 2).
The apparent Young’s modulus of commercially available Ti-6-4 products may vary
between 107 and 132GPa, depending upon the loading direction and the texture of the
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6 S. L. DRIVER ET AL.
Figure 2. (colour online) Section of the RUS spectra collected around a single resonance peak showing
the change of the resonance frequency with temperature between 11 and 292 K. Each spectrum is offset
on the y-axis in proportion to the temperature at which it was collected.
material [18] (see Table 2). The values of 125, 117 and 114GPa obtained from RUS data
at room temperature for each of the three principal directions of the sample compare
favourably with this range.
3.3. Low temperature
A section of the RUS spectra around one resonance peak, collected between 405 and
430 kHz and at temperatures between 11 and 292K, is shown in Figure 2. The amplitude
is shown on the vertical axis, with each spectrum also oﬀset by an amount proportional to
the temperature at which it was collected.
The resonance frequency of the peak increased approximately linearly as the temper-
ature was lowered until ∼ 100K, below which it asymptotically approached an almost
constant value. The peak was sharp at room temperature, and maintained a constant
width with decreasing temperature until ∼ 220K. The width then increased, reaching a
maximum at ∼ 160K, before becoming sharper again.
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PHILOSOPHICAL MAGAZINE 7
Figure 3. (colour online) The effect of temperature on f 2 (proportional to the effective modulus) and
Q−1 (measure of acoustic dissipation) for two resonances.
The behaviour of the squared resonance frequency, f 2, and the inverse quality factor,
Q−1, of two resonances are shown in Figure 3. The labels used in the legend indicate the
frequency of the resonance at room temperature. A nearly symmetrical Debye loss peak
was observed in all resonances between 60 and 230K, with a maximum at approximately
160K. The behaviour of f 2 was smooth throughout, indicating no obvious deviation in the
elastic properties at the temperature where the acoustic loss maximum was observed.
4. Analysis and discussion
4.1. Elastic properties
The values of the average elastic moduli between 10 and 298K obtained from the RPR and
ElAM codes are shown in Figure 4. A < 10% variation in the average shear and Young’s
moduli and a < 5% variation in the bulk modulus were observed over the temperature
range studied. The change in the average Young’s modulus with temperature is consistent
with previously published results [19,34,35].
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 C
am
br
idg
e] 
at 
01
:53
 28
 Ju
ne
 20
16
 
8 S. L. DRIVER ET AL.
Figure 4. (colour online) Average Young’s (gold triangle markers), shear (green circle markers) and bulk
(blue crossmarkers) moduli as a function of temperature between 10 and 298 K. The acoustic dissipation
peak is also shown for reference (red ‘plus’ markers connected by a line). The experimental uncertainties
in all of the measured values are smaller than the markers used.
As seen in Figure 2, the change of resonant frequencywith temperaturewas smooth and,
therefore, the evolution of the elastic constants would also be expected to be
smooth [36]. This was apparent for the Young’s and shear moduli, but not for the
bulk modulus, which exhibited signiﬁcant scatter in certain temperature ranges. As the
resonance modes of a polycrystalline sample excited during RUS are mainly of shear
character, their sensitivity to the bulkmodulus is weaker. A large number of resonant peaks
were used in the determination of the elastic properties in an eﬀort to reduce uncertainty in
the determination of the bulk modulus [37]. However, increased scatter was still observed
for certain temperature ranges, which was associated with inferior peak sampling. This
arose as a result of fewer peaks being resolvable, due to either increased acoustic loss, or at
very low temperatures where the signal from the transducer was weak.
The temperature dependence of the acoustic loss, Q−1, has also been plotted in
Figure 4. It is expected that any Debye relaxation process would lead to amarked change in
themodulus at the temperature associated with themaximum acoustic loss [38]. However,
no evidence of such a change in the elastic properties can be discerned from the modulus
data around the temperature at which themaximumacoustic loss occurs, beyond the range
of experimental uncertainty. As such, it can be concluded that the process governing the
acoustic loss involves only small strains within the material.
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PHILOSOPHICAL MAGAZINE 9
Table 3. Activation energy and frequency factor obtained for the acoustic loss process investigated in
this study. Literature values are also included for comparison.
Activation energy, Eact Frequency factor, ν0
Source Hydrogen content kJ/mol eV s−1
Ref. [8] 21.6 0.224 5.85 x 1010
Ref. [9] 0.612 at.% 27.0 0.280 7.06 x 1014
Ref. [10] 116 ppm 20.3± 1.9 0.21± 0.02 1015
Ref. [11] 50 ppm 23± 2.1 0.24± 0.02 4.0 x 1014
RUS study + 23± 3 0.24± 0.03 3.6 x 1012
Ref. [8–11,40]
4.2. Acoustic losses
The relationship between acoustic loss,Q−1, and frequency, f , of aDebye relaxationprocess
is given in Equation (1):
Q−1 =  ωτ
1 + ω2τ 2 (1)
where ω = 2π f is the angular frequency, τ is the relaxation time and  is a constant. τ ∗
is used to denote the relaxation time at the maximum value of the acoustic loss, Q−1m , for a
particular frequency and is given by ωτ ∗ = 1.
If the process giving rise to an acoustic loss peak is thermally activated, then it will
have an associated activation energy, Eact. The relaxation time of the loss process, τ , as a
function of temperature is given by the Arrhenius equation [38,39]:
τ = 1
ν0
exp
(
Eact + PVact
RT
)
(2)
where the frequency factor, ν0, is a constant.
An Arrhenius plot of ln τ ∗ against T−1, obtained from the data acquired in this study,
as well as values taken from the literature, is given in Figure 5. The inverse temperature
at which the maximum acoustic loss occurred did not appear to change signiﬁcantly with
excitation frequency for any of the peaks observed usingRUS. This suggests that the process
is either athermal or has a very small activation energy, which does not give a measurable
variation with temperature within the frequency range investigated in this study.
To examinehow the temperature of themaximumacoustic loss varies over amuchwider
range of frequencies, data obtained from previous studies using a variety of alternative
techniques [8–11,40] have been included in Figure 5. Collectively, these data indicate that
the temperature of maximum acoustic loss does vary with frequency. A linear ﬁt through
all of the data including an average value from the results of this study yielded an activation
energy of 23 ± 3 kJmol−1. This activation energy is in good agreement with the values
reported previously for relaxation processes in Ti-6-4, as shown in Table 3. Critically, this
value is also similar to the activation energy reported for the diﬀusion of hydrogen in the
β phase of pure titanium [41,42] and Ti–13V–11Cr–3Al [43]. Therefore, the acoustic loss
peak appears to be associated with a Snoek-like relaxation of hydrogen in the β phase of
Ti-6-4, as suggested previously [9–11].
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10 S. L. DRIVER ET AL.
Figure 5. (colour online) Arrhenius plot showing ln τ ∗ against T−1, including literature values [8–11,40].
The frequency factor, ν0, obtained from the linear ﬁt to theArrhenius plotwas calculated
to be 3.6 × 1012 s−1, which is lower than that reported previously, Table 3. This was also
lower than the value of ∼1014 s−1 expected for Snoek-like behaviour [38]. However, it is
not possible to entirely rule out the eﬀect of dislocations, which have been attributed to
relaxation processes with frequency factors in the range 1010–1012 s−1 [9,38].
Interstitial hydrogen may move between neighbouring octahedral or tetrahedral sites,
and the relaxation times expected for the movement of atoms between interstices can be
calculated using Equation 3 [38];
D = a
2
zτ
(3)
where D is the diﬀusivity, a is the lattice parameter, and z is a constant related to the
distance and direction of each atomic movement (36 for octahedral–octahedral and 72
for tetrahedral–tetrahedral). Using the diﬀusivity of hydrogen in β titanium, calculated
from the equation given by Wasilewski and Kehl [42], and the lattice parameter for the β
phase in Ti-6-4 reported byMalinov et al. [44], the relaxation time at 298K for octahedral-
octahedralmovement, τoct, was calculated to be 1.1×10−9 s and for tetrahedral–tetrahedral
movement, τtet, as 5.6×10−10 s. The relaxation time determined from the experimental
values aggregated in the present study, τav, is 3.4×10−9 s. This is on the order of τoct
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PHILOSOPHICAL MAGAZINE 11
Figure 6. (colour online) Behaviour of Q−1 with inverse temperature for the resonance with frequency
412 kHz at 298 K. Two fits for Snoek-like behaviour, with Eact fixed at 23 kJmol−1 are also shown. The
result of the fit with the value of r2(β) fixed at 1 is shown with the dashed green line, whilst the solid
blue line shows the result when r2(β) was allowed to vary.
estimated above and is therefore consistent with previous studies that have concluded that
hydrogen occupies the octahedral interstitial sites in β titanium [45–47].
In addition to the position of the peak maximum, the form of the acoustic loss peak
gives information about the nature of the associated process. For a Snoek relaxation, the
temperature dependence ofQ−1, for a given frequency, is described by Equation 4 [48,49];
Q−1(T) = Q−1m
[
cosh
{
Eact
R r2(β)
(
1
T
− 1
Tmax
)}]−1
(4)
where Q−1m is the maximum value of Q−1 occurring at temperature Tmax and Eact is
the activation energy of the process. r2(β) is the relative width of the acoustic loss peak
assuming a Gaussian distribution of relaxation times, compared to the width of a Debye
peak, which has a single relaxation time [38].
Experimental values of Q−1 for a typical acoustic loss peak (412 kHz at 298K) as a
function of inverse temperature are shown in Figure 6. If these data corresponded to
a classical Snoek relaxation process, then it should have a single activation energy and
relaxation time. Under such circumstances, r2(β) will equal 1. Fitting the experimental
data for Q−1 using Equation 4 with r2(β) = 1 and Eact = 23 kJmol−1, shown by the dashed
green line in Figure 6, did not adequately describe the data. As such, the assumption that
the acoustic loss process has a single activation energy and a single relaxation time does
not appear to be valid.
The broadness of the acoustic loss peak may result from the existence of relaxation
processes with a range of activation energies, a spread of relaxation times, or both. It has
been shown by Niblett [50] that a plot of acoustic loss peak width, T−1, as a function of
the inverse temperature at which the peak occurs, 1/Tmax, can give an indication whether
the activation energy and relaxation time have single values, or vary. If the resultant plot
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12 S. L. DRIVER ET AL.
Figure 7. (colour online) A plot of T−1 against 1/Tmax following Niblett [50], including results from
this study and the literature [8–10,34]. The results (except [34]) all lie on a line with zero gradient within
error, suggesting that there is only one activation energy for the acoustic loss process.
has a positive gradient, the acoustic loss peak has a spread of activation energies, whereas
a ﬂat plot indicates a single activation energy with either a single relaxation time or a
distribution of relaxation times.
Again, by combining data acquired in the present study, from 30 acoustic loss peaks,
with data published in the literature [8–10,34], T−1 was plotted as a function of 1/Tmax
over a frequency range of 1 kHz–10MHz, Figure 7. A linear ﬁt to all of the data has been
included as a dashed line. The gradient of the ﬁt is 0.08 ± 0.09, which suggests that the
relaxation process leading to the acoustic loss has a single activation energy. As such, the
breadth of the acoustic loss peak, shown in Figure 6, was believed to be due to the associated
acoustic loss process having a range of relaxation times.
The data for Q−1, shown in Figure 6, were reﬁtted with Equation 4 whilst permitting
r2(β) to vary, in line with the underlying process having a range of relaxation times. The
resultant curve is shown by the solid blue line in the ﬁgure and provides a good description
of the experimental observations. By ﬁtting the acoustic loss peak observed in 11 diﬀerent
resonances in the same way, a value for r2(β) of 3.65 ± 0.06 was obtained, meaning that
the observed peak is around 3.5 times wider than that expected for a Debye peak.
In order to calculate the expected relaxation strength, the Debye peak height must be
measured. When r2(β) is greater than 1, the observed peak height is lower than that for
a Debye peak. As the form of the anelastic loss is not expressible as a tabulated function,
asymptotic expressions were used to calculate β [51], describing the width of the relaxation
time distribution via:
r2(β) = 2x
′(β)
2x′(0)
(5)
where
2x′(β) ∼ 0.723β (6)
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PHILOSOPHICAL MAGAZINE 13
and
2x′(0) = 1.144 (7)
The relative peak height, f2(0,β), asymptotically approximates to;
f2(0,β) ∼
√
π
2β
(8)
Values for β and f2(0,β) obtained from the experimental data were ∼ 5.7 and ∼ 0.16,
respectively. The value of f2(0,β)obtainedwas subsequently used to calculate the relaxation
strength, δJ/Ju, which is the change in the elastic compliance, δJ , divided by the unrelaxed
compliance, Ju, via Equation 9 [38];
Q−1m =
δJ
Ju
f2(0,β) (9)
A value of 2.2 × 10−3 was obtained for δJ/Ju, which indicated that the change in the
modulus due to the relaxation process was very small. This observation is consistent with
the elastic modulus results shown in Figure 4, where no noticeable deviation occurred
at the temperature of maximum acoustic loss. This also follows the expectation that the
movement of hydrogen atoms between interstitial sites in the β phase, which constitutes
a very small fraction of the microstructure, would only produce a slight change in elastic
properties.
Using the value of β , obtained from ﬁtting the acoustic loss peak, the distribution
of relaxation times, 
, was determined to be −4 × 10−9 + 0.105 exp {(z + 28.9)/β},
where z = ln (τ/τav). This wide spread in relaxation times indicates that there may be
inhomogeneity in the octahedral interstices of the β phase. It has been reported previously
that substitutional elements have an eﬀect on the form of the Snoek peak (for example,
in Fe–C–M alloys [52,53] and in Fe–Cr alloys [54]). It is therefore possible that V in the
β phase may contribute to the increased width of the acoustic loss peak. Alternatively,
it may arise as a result of inhomogenous strains across the microstructure. As may
be seen in Figure 1, the microstructural constraint imposed on the β phase channels
by the surrounding α phase varied signiﬁcantly. As a result, the strain ﬁeld present in
each channel may be heterogeneous, due to microstresses arising from elastic, plastic and
thermal anisotropy between the phases. In turn, these strain ﬁelds will aﬀect the degree of
distortion of the octahedral interstices. It is therefore possible that this leads to a spread of
relaxation times of the interstitial hydrogen movement, though further study to conﬁrm
this hypothesis is required.
5. Conclusions
The elastic and acoustic loss behaviour of Ti-6-4 at temperatures between 5&298K was
studied using Resonant Ultrasound Spectroscopy. A wide acoustic loss peak was observed,
centred at 160K when measured between 250&1000 kHz. The temperature at which the
acoustic loss peak occurred was observed to change with frequency between 1 kHz and
10MHz, fromwhich it was concluded that the underlying process was thermally activated.
An activation energy of 23 ± 3 kJmol−1 was obtained, which is close to the activation
energy of diﬀusion of hydrogen in β titanium. The relaxation time and frequency factor
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of the process are consistent with the peak being caused by a Snoek relaxation; the stress-
induced movement of hydrogen interstitials between octahedral sites in the β phase.
Values of the isotropic (bulk, shear and Young’s) elastic moduli were also obtained.
No abrupt change in any of the moduli was seen at 160K, contrary to what would be
expected for a Debye relaxation. This was shown to be a result of the small value for
the relaxation strength, and was consistent with the expectation that the movement of
hydrogen interstitials between sites would not signiﬁcantly aﬀect the elastic properties.
The width of the acoustic loss peak was much wider than that expected for a Snoek
relaxation processwith a single value for the activation energy and relaxation time.Detailed
analysis revealed that the process had a single value for the activation energy, and that the
widthwas caused by a spread of relaxation times. Themicrostructure of the alloy contained
a range of β-channel widths in and between the basket-weave and colony-like areas of the
secondary α phase. Any diﬀerences in the strain experienced by the β channels as a result
of local microstructural constraint would inﬂuence the octahedral interstices and could
lead to the spread of relaxation times observed.
Note
The underlying data for this study can be found at https://www.repository.cam.ac.uk/
handle/1810/256150.
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